We have studied the behavior of very thin oxide (-20 A.) metal-oxide-semiconductor tunnel diodes under high electrical field bias. These devices do not usually experience catastrophic breakdown, but can be worn out at high fields through the creation of a low barrier tunneling path. The effective area of the path increases during stress, while the barrier height remains essentially constant at -I eV. The formation of the path is correlated to the presence of multilevel switching fluctuations in the diode current. The same complex fluctuations and excess currents are seen in oxides up to 70 A where the fluctuations show up as noisy precursors to catastrophic breakdown.
tunnel diodes, it has been shown that trap-trap interactions arise in the Si0 2 layer at high electric fields and that the collecti ve action of a group of traps plays an important role in the device behavior. I In this work we show that catastrophic breakdown does not usuaUy occur in these devices. Rather, the oxide can be progressively worn out at high fields by an efIect correlated to the presence of very complex multilevel fluctuations in the device current. The currentvoltage (1-V) curves of a stressed device show the presence of a tunneling path that can be well fitted by a Fowler-Nordheim (FN) equation with a barrier height of ~ 1 eV. Higher levels of field stress increase the effective area of this low barrier path, but do not significantly change the barrier height. Furthermore, the same complex fluctuations and creation of "leakage" paths are seen in thicker oxides (up to -70 A) , where complex fluctuations show up as noisy precursors to catastrophic breakdown.
The devices we have studied are 1-2500 f.im 2 AI.Si0 2 -pSi tunnel diodes formed in windows etched through a thick add oxide. Prior to the final oxidation, the wafers were cleaned under a class-1 0 hood using a standard RCA process with a final dip in buffered HF and rinsed in de-ionized water to a bath resistivity of at least 16 MO em. The tunnel oxide was grown by a rapid thermal oxidation process,2 resulting in barrier thicknesses of 16-70 A as determined by ellipsometry, tunnel conductance measurements, and for the thicker oxides, accumulation capacitance measurements. A room-temperature curve plotting current versus voltage (I-V) for a fresh device is shown in Fig. 1 (a) . It is in good agreement with that expected for a nonequilibrium minority-carrier diode with an ~ 18 A ( ± 1 A) oxide.
3 Below -0.3 V, this characteristic is equivalent to that of an abrupt n-p diode with an ideality factor equal to 1.3. From -0.3 to ~ 1.1 V, increased conduction through the diode is limited by the semiconductor as the surface of the silicon moves from inversion to accumulation. Above the fiatband voltage, -1.1 Y, conduction is mainly due to the direct tunneling of ,,) Al~o with Centro Studi per Metodi e Dispositivi per Radiotrasmi~sioni, Consiglio Nazionalc delle Ricerche, via Diotisaivi 2,56100 Pi;;a, Italy.
electrons from the aluminum to the silir.:ou through a trapezoidal barrier. 4 In thicker oxides FN tunneling arises at higher fields, exhibiting the usual oscillations due to electron wave reflections at the Si0 2 -Si interface.
5
We carry out our experiments using a Hewlett-Packard 414GB picoammeter/dc voltage source and a Wentworth MP-920 probe station. We stress the diodes by applying a constant negative voltage to the aluminum electrode. \'fiIe measure /-V characteristics before and after stress, and monitor and record current fluctuations during stress. The effect of fields up to ~ ! 5 MV / em in devices with < -20 A barriers is not usually catastrophic breakdown of the oxide, but a progressive wear-out as measured by the increased device conductance. This is shown in Fig. 1(0) where we plot five J. V's taken on the same device before stress and after stress at various voltages. In these measurements the stress was maintained until the gradual increase in conduction saturated. It is important to note that, although the electric field is quite high, the stress voltage is relatively low; thus electron energies do not approach those needed for such processes as FN injection into the oxide conduction band and impact ionization. The stress-induced excess current in the region above the flat band voltage can be fitted by the FN formula 1= AV 2 exp( --B IV) as shown in Fig. I (c) , where the accuracy of the fit increases with increased excess current. Thus the "leakage path" that is created in this process appears to be a region of the oxide that has a significantly lowered effective tunnel barrier, but is not a path dominated by hopping or metallic conductivity. If we arbitrarily take the electron effective mass m" = O.Sm e , the barrier height of the weakened oxide region as determined from F:N" plots of
We find this to be a very general result. Incre8.sing the level of stress only increases the effective area of the low barrier region and does not significantly alter E". In Fig. 1 (b) the effective areas of the increased conduction regions range from 1.1 X 10-II to 1.5 X 10 -10 cm~. Stress experiments on numerous other devices, with oxide thicknesses up 50 A, invariably yield FN-Hke excess currents with fitted values of Eb within 10% of 1 eY. We particularly wish to note that a recent experiment with pGlycrystalline silicon gate, 50.4 oxide capacitors has also found that an excess current path is generated with a barrier height -4 of 0.9 eV. Other experiments with such thick oxides have also revealed an increased excess current with stress, but it was not indicated whether this current had a FN character. 7 Insight into the mechanism for the formation of this low barrier tunnel path is gained by closely mon.itoring the diode current while under constant voltage bias. At low to intermediate bias we observe stable, low-frequency, two-level and multilevel switching fluctuations similar to those previously reported. 1.8 These fluctuations have been identified as being due to the slow trapping and emission of electrons at individual and strongly interacting groups of trap sites in the oxide. At higher biases the stahle switching noise is replaced by large and very complex switching events which arise at random intervals in time. These events we term "wear-out events." These events are also composed of dear switching between discrete levels f as shown in Fig. 2 change of diode resistance. As the bias is increased, the time between such individual events becomes shorter, and eventually many events begin to superimpose (Fig. 2(b) J. Finally, at the highest bias aU that can be observed is a steady and noisy degradation of the oxide as it is stressed [ Fig, 2 (c) 1.
The strong correlation between the ococurrence of wearout events and the creation of the excess current path is shown in Fig. 3 . Here we plot the diode current versus time for a 20 A device biased at 2.9 V. The current is almost constant in the first minutes of stress; later, two isolated events occur; then continuous complex fluctuations arise, Note that the mean value of the diode current begins to in- Farmer, SaleHi, and Buhrman crease at a significant rate just at the onset of the continuous complex fluctuations. As indicated above, once continuous fluctuations commence, the oxide current grows rapidly, but then it tends to saturate over time at a fixed voltage stress. The values of the saturated excess current are approximately exponentially dependent on the applied voltage, as can be seen in Fig. 1 (b) . When the excess current in a stressed device saturates, the fluctuations do not cease, indicating that trap occupancy is still strongly fluctuating, but at this stress level there is no further degradation of the oxide. Low-frequency noise in devices before and after stress has also been measured. Spectra of the current noise power Sf have a good stationary l/fbehavior, and the values of Sf at a fixed frequency are proportional to /2. Voltage stress causes the noise level to increase, indicating an increase in the number of active but stable traps. For example, the noise level rose by almost an order of magnitude in one device after stress at 3.1 V until the excess current saturated.
The interpretation of the wear-out events is that they occur when a randomly initiated change in occupancy of a trap or group of traps in an already strained oxide induces an instability which initiates chaotic filling and emptying of interacting traps.! This process continues until the oxide reaches a more stable condition where the local strain has been reduced. The process can result in the breaking of oxide bonds, leading to the creation of spots through the oxide which have locally reduced barrier height. This could be the case if, for example, Si-Si bonds were formed during wearout, as has been suggested. dearly that the complex fluctuations stilI consist of discrete multilevel switching. Because these noisy phenomena always precede catastrophic breakdown, they are undoubtedly correlated with this destructive event. It is possible that these oxides can be destroyed when electrons trapped in the oxide can discharge through the more conductive path that is created once an instability arises.
We have studied very thin oxide ( ~ 20 A) MOS tunnel diodes in which catastrophic breakdown does not usually occur. Rather, the oxide can be progressively worn out at high fields. The resulting excess current can be described using the Fowler-Nordheim equation with an -1 eV barrier height that remains constant during stress, while the effective area of the low barrier "region" increases. The creation of this excess current path is completely correlated to the occurrence of complex multilevel fluctuations in the device current. Excess current and complex fluctuations also occur in thicker oxides, where catastrophic breakdown is the ultimate mode offaHure. The multilevel fluctuations invariably show up as precursors to this failure, suggesting a correlation between the noisy phenomena and breakdown.
In conclusion, we suggest that a process involving traptrap interactions can provide a low electron energy mechanism which accounts for the wear-out of very thin oxide barriers and possibly the catastrophic breakdown of thicker oxides.
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